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In the pathogenesis of Parkinson’s disease and Huntington’s disease excitotoxicity may play
an important role. The common toxin model for Parkinson’s disease is MPTP, while for
Huntington’s disease it is 3-NP. These toxins inhibit the mitochondrial respiratory chain,

resulting in an energy deficit. In the central nervous system, the amino acids act as
neurotransmitters and neuromodulators. The energy deficit caused by these neurotoxins may
alter the concentrations of amino acids. Thus, it can be claimed that the aminoacidergic

neurotransmission can be changed by neurotoxins. To test this hypothesis we studied the
amino acid concentrations in different brain regions following MPTP or 3-NP administration.
The two toxins were found to produce similar changes. We detected marked decreases in most

of the amino acid concentrations in the striatum and in the cortex, while the levels in the
cerebellum increased significantly. The decreased amino acid levels can be explained by the
reduced levels of ATP produced by these neurotoxins. In the cerebellum, where there is no
detectable ATP loss, the elevated amino acid levels may reflect a compensation of the altered

neurotransmission.

KEY WORDS: Amino acids; amino acid transport; cerebellum; compensation; cortex; energy deficit;
excitotoxicity; Huntington’s disease; MPTP; neurotransmission; 3 nitropropionic acid; Parkinson’s
disease; striatum.

INTRODUCTION

The mechanism of nerve cell death in neurode-
generative diseases is currently extensively studied.
The view of a central role for excitotoxicity and

oxidative damage in the pathogenesis of Parkinson’s
disease (PD) and Huntington’s disease (HD) is
gaining increasing acceptance (1–3). There is also
substantial evidence linking mitochondrial dysfunc-
tion and free radical formation (4).

A commonly used neurotoxin model for PD is
1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine (MPTP).
Following systemic administration to both human
and nonhuman primates, MPTP results in biochem-
ical and neuropathological features, which closely
resemble PD. MPTP is metabolized by monoamine
oxidase B (MAO B) to 1-methyl-4-phenylpyridinium
(MPP+), which is taken up into the dopaminergic
neurons by the synaptic dopamine transporter.
MPP+ accumulates in the mitochondria, where it
inhibits complex I of the electron transport chain
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(5, 6). This may subsequently lead to indirect
excitotoxicity and free radical generation (7). Inhibi-
tors of MAO B completely prevent the MPTP neu-
rotoxicity.

The neurotoxin 3-nitropropionic acid (3-NP) has
been well characterized as an experimental model of
HD (8). This toxin inhibits succinate dehydrogenase,
inducing a mitochondrial dysfunction which triggers
the generation of superoxide radicals and secondary
excitotoxicity leading to a selective striatal pathology
closely resembling to the pathology found in patients
with HD (6).

Amino acids are important neurotransmitters
and neuromodulators in the central nervous system.
Above a certain concentration, glutamate (Glu),
aspartate (Asp) and glycine (Gly) exert neurotoxic
effects via an excitotoxic mechanism, while the
functions of other amino acids are not fully known.
Amino acids may be transported via neutral amino
acid transporters, which require ATP (9). Blockade of
the mitochondrial respiratory chain by mitochondrial
toxins results in an energy deficit, which may alter the
amino acid levels. These changes can enhance the
neurotoxic effect. The respiratory chain inhibition
performs an endproduct inhibition to the citric acid
cycle, which is the major source of organic acid pre-
cursors of amino acids. Particularly a-ketoglutarate is
involved in metabolism of glutamate. Only limited
data are available regarding the effects of these toxins
on the amino acid levels. Decreased Glu and Asp
levels have been found in the striatum and mesen-
cephalon, but not in the cerebellar cortex, which
recovered after 24 h (10).

In the present study, we investigated the effects
of MPTP and 3-NP on the levels of amino acids. We
hypothesized that changes in the amino acid levels
combined with increased free radical generation
caused by mitochondrial toxins may contribute to the
irreversible cell loss. Specifically, we sought to
establish whether this mechanism affects all brain
parts equally.

MATERIALS AND METHODS

All animal experiments were carried out in accordance with

the European Union Guide for the Care and Use of Laboratory

Animals and were approved by the local animal care committee.

MPTP (Sigma, St. Louis, USA) was dissolved in phosphate-

buffered saline (PBS) and a single dose (30 mg/kg) was injected ip

in a volume of 0.15 ml into CFLP male mice (weight 30 g). The

control mice received PBS vehicle.

3-NP (Sigma, St. Louis, USA) was dissolved in PBS (pH

adjusted to 7.4) and injected intraperitoneally at a dose of 50 mg/

kg into the same mouse strain. Seven animals were examined in

each group and seven mice served as control group for both toxins.

Mice were sacrificed 3, 6, 12 or 24 h after MPTP or 3-NP injection.

The brains were quickly removed and the entire striata, the frontal

cortex and the cerebellum were dissected on an ice-cold plate and

kept at )70�C until measurements were made. For the dissection

we used mouse brain matrices for slicing the exact intervals.

Sample Preparation for Amino Acid Analysis. A 1–5 mg piece

of each brain sample was placed into an Eppendorf tube containing

20 ll eluent B. The wet tissue weight was measured with 0.01 mg

accuracy. Tissue samples were homogenized with a Teflon potter

homogenizer for 10 s. The potter speed was 6000 rpm. The

homogenized samples were treated with a 1000 W microwave beam

for 10 s. The samples were then centrifuged at 12,000 rpm for

20 min in an Eppendorf centrifuge. About 10 ll supernatants were
stored for no more than 1 week at )20�C; they were then analyzed

by HPLC.

Concentrations of amino acids were measured by precol-

umn derivatization of primary amino acids with orthophthalal-

dehyde (OPA). Derivatization was performed at pH 10.4 in the

presence of mercaptoethanol. OPA-derivatized amino acids were

detected with fluorescence detector excitation wavelength 340 nm

and emission wavelength 440 nm. Because of the instability of

OPA derivatives, the HPLC technique was automated on an HP

1100 series system. Amino acids were separated on HP Hypersyl

ODS reversed-phase columns (200 � 2.1 mm) filled with 5 lm
C-18 spherical packing material. Eluent A was 0.1 M phosphate

buffer containing 0.5% (vol/vol) tetrahydrofuran, pH 6.0, while

eluent B contained 70% acetonitrile in eluent A, pH 6.0. The

gradient profile was: 12% B at 0 min, 23% B at 9 min, 36% B at

18 min, 100% B at 19 min, 100% B at 22 min and 12% B at

26 min. The column equilibration time was 8 min. External

standards of 10 lM amino acids were injected after every 20

samples (11). Chromatograms were evaluated with HP Chem-

Station software.

One-way analysis of variance followed by the Fisher protected

least significance difference test was used to analyze the data. A p

value of less than 0.05 was considered statistically significant.

RESULTS

After MPTP Administration

The levels of the amino acids in different brain
regions of mice treated with MPTP are shown in
Figs. 1, 2 and 3.

In the striatum, 3 and 6 h after MPTP injection,
the concentrations Asp, Asn, Ser, Gly, Arg, Ala and
GABA were decreased, but the levels recovered
almost completely after 24 h. The concentrations of
Glu, Gln, Thr and Tau did not change significantly.

After MPTP administration, the levels of Asp,
Asn, Ser, Gly, Thr, Arg, Ala, Tau and GABA
decreased in the cortex, and remained low for 24 h.
Interestingly, the levels of Gln and Glu were
decreased significantly only after 12 and 24 h.
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Fig. 2. Concentration of amino acids in the cortex after MPTP treatment (n=7 mice/groups). *at all time-points the levels are significantly
decreased compared with the controls (P<0.05). #12 and 24 h levels are significantly decreased compared with the controls (P<0.05;
F(4,33)=9.6; 11.7; 11.3; 8.2; 11.0; 13.3; 8.6; 7.6; 7.4; 7.1; 20.4 respectively).
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Fig. 3. Concentration of amino acids in the cerebellum after MPTP treatment (n=7 mice/ groups). *12 and 24 h levels are significantly
elevated compared with the controls (P<0.05). #12 and 24 h levels are significantly decreased compared with the controls (P<0.05;
F(4,36)=9.5; 15.1; 0.7; 6.8; 9.9; 9.3; 0.8; 3.2; 6.3; 0.9; 8.3 respectively).
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Fig. 1. Concentration of amino acids in the striatum after MPTP treatment (n=7 mice/groups). *3 and 6 h levels are significantly decreased
compared with the controls (P<0.05; F (4,40)=2.5; 3.0; 2.5; 0.5; 2.0; 2.3; 2.3; 0.69; 1.0; 4.0 respectively).
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In the cerebellum, the Glu and Gln concentra-
tions were decreased after 12 and 24 h, but not after
3 and 6 h. In contrast with these data, the levels of
Asn, Ser, Thr, Arg, Ala and GABA were elevated
after 12 and 24 h. Interestingly, the Glu and Gln
concentrations tended to be elevated after 3 h, be-
fore being decreased after 12 and 24 h, but this
elevation did not reach the level of significance. The
concentrations of Asp, Gly and Tau did not change
significantly.

After 3-NP Administration

The level of the amino acids in different brain
regions of mice treated with 3-NP are shown in
Figs. 4, 5 and 6.

The levels of Asp, Asn, Ser, Gly, Arg, Ala and
GABA in the striatum were decreased after 3 and 6 h
and these levels recovered after 12 and 24 h. More-
over in the cases of Ser, Gly, Thr, Arg, Ala and
GABA, the concentrations did not merely recover,
but increased significantly as compared with the
baseline levels.

The Asn, Ser, Gln, Gly, Arg, Ala and GABA
levels in the cortex decreased significantly and re-
mained low for 24 h, although there was a tendency
to a recovery after 6 h. The Glu levels were increased
after 3 and 6 h.

In the cerebellum, the concentration of Gln was
decreased after 12 and 24 h. The Gly concentration
elevated after 24 h, while the Glu levels decreased
after 12 h. The Asn, Ser, Thr, Arg, Ala and GABA
levels were elevated after 12 and 24 h, while the Tau
concentration did not alter.

DISCUSSION

The mechanism of action of mitochondrial tox-
ins in inducing neurotoxicity involves excitotoxicity,
energy deficit and free radical damage. At the con-
centrations we used, these toxins cause apoptotic cell
death. In mice there is no detectable cell loss at 24 h
after the toxin administration, but the apoptotic
process has already started (7). Within 24 h, many
neurochemical alterations can be detected, including
ATP loss, increased free radical production and the
activation of apoptotic enzymes. The actual concen-
trations of the amino acids depend on the rates of
production, elimination and transport. There are

several amino acid transporters (the glutamate
transporter, the neutral amino acid transporter, the
excitatory amino acid transporters, the glycin trans-
porter, the basic amino acid transporters, the cationic
amino acid transporters, etc.), which require ATP for
operation. There is no evidence that these mito-
chondrial toxins may affect these transporters including
the cysteine–glutamate transporter, which is the major
source of extracellular glutamate in the dosal striatum.
Also the lack of ATP can effect the amino acids pro-
duction and elimination. The administration of MPTP
results in a rapid loss of ATP in the different brain
regions. Radiolabelling studies demonstrated that the
highest concentrations of radioactivity following the
intravenous injection of a radiolabelled MPTP ana-
logue were found in the caudate-putamen and the
frontal, temporal and cingulate cortices; the substantia
nigra and inferior olivary nucleus were labelled with
medium intensity. Only very low concentrations of the
radiolabelled analogue were detected in the cerebellum
and white matter (12).

In the striatum the ATP levels remain low for
more than 8 h after toxin administration (13). In
contrast, the ATP levels in the cerebellar cortex
return to normal within 4 h following MPTP expo-
sure (14). The loss of ATP leads to an energy deficit
and probably to metabolic distress. Since the syn-
thesis of amino acids and their transport via different
transporters requires energy, the ATP loss may re-
duce the concentrations of these amino acids. The
basal amino acid levels in each brain region are
similar to the previous studies. Our experiments re-
vealed markedly decreased concentrations after
MPTP administration in all the studied brain areas,
including the cortex and cerebellum, which are not
affected by MPTP toxicity. Both after MPTP
administration and after 3-NP administration, most
of the amino acid concentrations in the striatum
dropped dramatically, in parallel with the ATP loss.
These levels recovered after 12 h, when the inhibition
of complex I and apoptotic process start. In the
cortex, which is not primarily affected by mitochon-
drial toxins, the concentrations remained low for
24 h, although in the case of 3-NP the levels had
started to recover. This is somewhat surprising since
the ATP loss is not so pronounced and prolonged in
the cortex as in the striatum. On the other hand no
behavioural or motoric changes are detectable after
toxin administration, despite the prolonged depres-
sion of the amino acid levels. The microdialysis
studies showed no changes in the levels of Glu and
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Fig. 4. Concentration of amino acids in the striatum after 3NP treatment (n=7 mice/groups). *3 and 6 h levels are significantly decreased
compared with the controls (P<0.05). #24 h level is significantly increased compared with the control (P<0.05; F(4,40)=7.1; 8.0; 2.6; 2.3; 5.1;
4.6; 3.4; 2.1; 1.1; 0.6; 8.7 respectively).
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Fig. 5. Concentration of amino acids in the cortex after 3NP treatment (n=7 mice/groups). *at all time-points the levels significantly
decreased compared with the controls (P<0.05). #3 and 6 h levels are significantly increased compared with the control (P<0.05;
F(4,34)=12.8; 13.0; 10.2; 12.5; 13.1; 8.8; 5.6; 5.3; 4.7; 16.8 respectively).
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Fig. 6. Concentration of amino acids in the cerebellum after 3NP treatment (n=7 mice/groups). *12 and 24 h levels are significantly elevated
compared with the controls (P<0.05); **24 h levels are significantly increased compared with the controls (P<0.05). #12 and 24 h levels are
significantly decreased compared with the controls (P<0.05). ##12 h levels are significantly decreased compared with the controls. (P<0.05
F(4,38)=11.5; 18.7; 3.1; 12.1; 8.9; 14.6; 2.2; 2.2; 2.4; 1.5, 9.9 respectively).
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Asp following 3NP administration in the striatum
(15, 16). We did not detect changes in hte Glu levels,
but found a significant reduction of Asp levels.
Robinson et al. conducted a microdialysis study
using MPTP (17). They found alteration in glutamate
levels following MPTP administration, which we
could not confirm. In these microdialysis experiments
different dosage regimes and time windows were
used, so the results cannot be compared.

In the cerebellum, opposite findings were de-
tected. Following toxin administration, most of the
amino acid levels were elevated after 12 and 24 h. In
the cerebellum, the ATP loss is mild and there is no
evidence of mitochondrial complex inhibition, but
MPTP-induced Purkinje cell toxicity is assumed
(18). MPTP appears to accumulate intracellularly
within the lysosomes, and, over an interval of sev-
eral days, MPTP is intracellularly converted to
MPP+ (19). A constant, small amount of MPP+ is
retained intracellularly over a 72-h interval. At low
doses neither MPTP nor MPP+ is neurotoxic to
cultured cerebellar astrocytes, as determined by the
cell counts (20). The elevations in different amino
acids may reflect an overcompensation and neuro-
protective mechanism via accelerated neurotrans-
mission and neuromodulation. These findings
conflict with those of the previous study by Chan
et al., since they did not observe changes in Glu and
Asp levels in the cerebellum. However, they used a
different dose, a different mode of administration
and different time points, which may explain the
difference. These amino acids function as neuro-
transmitters and/or neuromodulators. We did not
find any correlation in respect to the amino acid
function and reaction to the neurotoxins.

CONCLUSIONS

In the striatum and in the cortex most of the
amino acid levels (Asn, Ser, Gly, Arg, Ala, Asp, and
GABA) were decreased 3 and 6 h after both mito-
chondrial toxin administration, when a marked ATP
loss is detectable. So the decreased level of amino
acids can be explained by the energy deficit caused by
these neurotoxins. These low levels of neurotrans-
mitters and neuromodulators may contribute to the
metabolic distress and to the apoptosis. As the ATP
level recovers, the amino acid concentrations start to
return to the normal levels. In a later phase, as the
cell loss is pronounced, certain neurotransmitter
levels, such as that of dopamine, fall again (14).
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